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MAYFLYGROWTHANDPOPULATIONDENSITY IN
CONSTANTANDVARIABLE TEMPERATUREREGIMES

Russfll B. Rader' -and James V. Ward'

Abstract. —The tliernial ecjuilihriiim hypothesis predicts that acjiiatic inseet body size/fecundity and, consequently,

population densit\- and biomass will be maximized in geographic areas or along altitudinal gradients where the thermal

regime is optimal with respect to growth and development. Seasonal growth analyses of three mayfly species,

combined with detailed thermal descriptions, were used to explore differences in body size and fecimditv at three sites

with similar elevations but different temperature regimes. Site 1 was located near the upper altitudinal distribution for

each species, whereas sites 2 and 3 were located below a deep-release storage reservoir. The temperature pattern at

site 1 had rapid seasonal changes, with a short summer and a long, freezing winter. Site 2 demonstrated gradual

seasonal changes combined with winter warm and sinnmer cool temperatures. Site 3 was intermediate with respect to

seasonal change and winter harshness but had the highest maximum and mean annual temperatures. Mayfly develop-

ment at site 1 was characterized by slow growth during the summer-autumn period, no growth during the winter, and
a rapid increase during the spring-summer period. In contrast, growth at site 2 was continuous throughout the year,

including the winter. Growth at site 3 was either continuous across sites or rapid during the spring-simimer period,

depending on the species. Based upon the interactions among temperature, body size, and metabolic costs, the

thermal equilibrium hypothesis was successfid at predicting body size and fecundity differences among sites. It was less

successful at predicting variation in population density and biomass. Density-dependent and density-independent

sources of mortality, including temperature, may interrupt the translation of higher fecundity into higher population

density and biomass.

Temperature, because of its influence on optimal with respect to growth, development,
metabolism, growth, and reproductive sue- and body size. Fecundity, an essential compo-
cess, is a dominant ecological determinant of nent, but not the only factor defining repro-

the geographical and altitudinal distributions ductive success, should decrease in tempera-
of aquatic insects (e.g., Vannote and Sweeney ture regimes warmer or cooler than optimal.

1980, Ward and Stanford 1982, Sweeney Other factors, which may influence fecundity

1984, Ward 1986). The thermal equilibrium and may or may not be influenced by temper-

hypothesis (TE) is a conceptual model of the ature, can determine population size and dis-

effects of temperature on aquatic insect tribution (e.g., egg-hatching success, emer-
metabolism, growth, body size, and therefore gence success, mating success, feeding rates,

fecundity (Sweeney and Vannote 1978, Van- assimilation efficiency, food quality and quan-
note and Sweeney 1980). It predicts that pop- tity, biotic interactions). The TE hypothesis,

ulation density, distribution, and stability however, attempts to define the influence of

(Connell and Sousa 1983) are determined liy temperature on population size and distribu-

individual reproductive success and will be tion based only on the effect of temperature
ma.ximized in geographic areas or along altitu- on metabolism, growth, and therefore body
dinal gradients where the thermal regime is size/fecundity.
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The objective of this study was to analyze

the influence of temperature on the growth

and body size/fecundity of three mayfly spe-

cies and compare these results with popula-

tion size (density and biomass) data and

the predictions of the thermal equilibrium

hypothesis. Three sites were chosen on the

same river, all with similar elevations but dif-

ferent temperature regimes. Site 1 was lo-

cated near the upper altitudinal limit for each

species, whereas sites 2 and 3 were located in

a warmer, more constant thermal regime

downstream from a deep-release reservoir.

Specifically, we sought to test the following

hypotheses: (1) population size and body size

will be smaller for each species at site 1 com-

pared with sites 2 and 3; (2) population size

will correspond with body size at the same
sites (i.e., site-specific ranks of body size and

population size should be the same); (3) sea-

sonal patterns of growth will parallel seasonal

temperature patterns. Body size/fecundity

was compared to examine its ability to explain

among-site differences in population size.

Several studies have demonstrated a posi-

tive correlation between body size and fecun-

dity in aquatic insects (see Clifford and Boer-

ger 1974, Kondratieff and Voshell 1980,

Sweeney and Vannote 1981). Therefore, we
assume that larger mayflies produce more
eggs compared with smaller mayflies of the

same species. We did not attempt to deter-

mine, as predicted by the TE hypothesis and

numerous other authors, whether an increase

in population size is positively correlated with

an increase in population stability. Consider-

able evidence, however, indicates that larger

populations are more stable than smaller pop-

ulations (e.g., smaller populations are more
susceptible to extinction).

Study Sites and Insect

Altitudinal Distributions

The first hypothesis recjuired us to a priori

rank the study sites according to how closely

they approximated the optimal temperature

conditions for the mayflies imder investiga-

tion. Our ranks were based on the altitudinal

distributions of the insects. Because the study

sites were located near their upper limits, the

unaltered temperature regime at site 1 was

considered cooler than the optimum neces-

sary to maximize body size/fecundity. There-

fore, the warmer, dam-impacted sites 2 and 3

were assumed to be nearer the insects' opti-

mal temperature regime. There was no a pri-

ori reason to separate sites 2 and 3 with re-

spect to their influence on growth, body size,

and population size even though they had
very different temperature regimes.

The study was conducted in the Upper Col-

orado River on the western slope of the Rocky
Mountains in the vicinity of Granby Reser-

voir, a large (666 km ), deep-release storage

impoundment. Granby Reservoir is located

38 km northwest of Denver, Colorado. Site 1

was located in a third-order, free-flowing sec-

tion of the river 4.0 km above the reservoir;

sites 2 and 3 were located 0.4 and 4.0 km,
respectively, downstream from the dam. Al-

though differentially influenced by stream

regulation, all three sites had similar gradi-

ents (0.006-0.009), canopy cover, geology,

riparian vegetation, and elevation (2,593 m,

2,454 m, and 2,426 m, respectively. (For com-
plete site descriptions see Rader and Ward
[1988].)

Three mayfly species were analyzed in this

study: DruneUa grandis (Eaton), Ephemerella

infrequens (McDunnough), and Baetis tricau-

datus (Dodds). Ward (1980, 1986) determined
the altitudinal distribution of macroinverte-

brates, including the mayflies of this study, in

the St. Vrain River, a free-flowing stream run-

ning from the alpine tundra to the plains on

the eastern slope of the Rocky Mountains.

Based on his results, site 1 of this study (upper

montane zone) was above the altitudinal dis-

tribution for D. grondis and very near the

upper limits for E. infrequens and B. tricaii-

dafiis. All three species exhibited maximum
densities at lower elevations in the foothills or

plains zones. Even though their altitudinal

upper limits appear to be somewhat higher in

the Colorado River, probably because of its

larger size compared with the St. Vrain River,

we concluded that all three study sites were
located near the upper altitudinal limit for

each of the three mayfly species.

Methods

Temperature, Growth, and Body Size

Water temperature was measured continu-

oush' at each site for 18 months using Ryan
9()-day thermographs. Each thermograph was

checked against a Weksler hand-held ther-

mometer on a monthly basis and calibrated
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prior to placement and following retrieval

.

Daily mean temperatures were used to ealeu-

late annual mean temperatures, annual coeffi-

cient of variation, annual degree days, num-
ber of days less than 3 C, number of days e(iual

to C, length of spring-summer and summer-
autumn periods, and rate of spring-summer

increase and summer-autumn decline.

Annual growth rate analyses and general

temperature descriptors (e.g., accumulated

degree days, mean annual temperature,

etc.) cannot explain site-specific variation in

aquatic insect body size and fecundity be-

cause they average over important seasonal

information. Seasonal growth rate analyses

combined with seasonal temperature profiles

can, however, provide insights into the rela-

tionships between temperature, growth, and

body size.

Temperature profiles for each site were
separated into three periods: (1) spring-sum-

mer, (2) summer-autumn, and (3) winter

(Fig. 1). The winter period was defined by
mean daily temperatures <3 C in order to

include the winter warm temperatures at

site 2. The end of the spring-summer period/

beginning of the summer-autumn period was
set at 15 August, based on temperature peaks

apparent at sites 1 and 3 (Fig. 1). Therefore,

the spring-summer period began when the

mean daily temperature exceeded 3 C and
ended 15 August. The summer-autumn pe-

riod began 15 August and ended when the

mean daily temperature dropped below 3 C.

Growth, defined as the monthly increase in

mean biomass of individuals collected per

sampling date, was determined for D. grandis

and £. infreqiiens. Growth for B. tricaudatiis

was not analyzed because of difficulty in as-

signing intermediate-sized instars to the cor-

rect generation.

Site-specific differences in seasonal growth

rates were determined by regressing monthly
mean individual biomass estimates against the

numl:)er of Julian days accumulated over the

three separate growth periods (spring-sum-

mer, summer-autumn, and winter). A slopes

comparison test (analysis of covariance) was
used to determine among-site differences in

seasonal growth rates. No transformation was
necessary because growth was linear over the

short seasonal periods.

Population Size and Body Size

Estimates of population density and bio-

mass were based on four Surber samples

(().()9"m each, 240 jjim mesh) collected monthly
across the width of the stream at each site and
four artificial sjibstrates. Artificial substrates

consisted ofclay bricks (23 x 19 x 9.5 cm) that

had been in the streams for one month before

being sampled. Most of the Surber samples

enclosed natural substrate particles similar in

size to the artificial brick substrates. There-
fore, sampling units from both techni(jues

were combined because the sampling areas

were approximately et^ual. A simple t test

indicated that the mayfly population means
based on Surber samples of natural substrate

were not significantly (P ^ .63) different from
population means based on the artificial sub-

strate samples. Following identification and
enumeration, all nymphs were divided into

0. 1-mm size classes, based on maximum head
capsule width, and dried at 60 C for 48 hours.

Mean annual population biomass was deter-

mined by summing biomass estimates for all

size classes across all sampling dates. Mean
annual population density was determined
after summing the number of individuals in

each size class at each site. Head-capsule

measurements were also used to construct

size-frequency plots for life-history determi-

nations, including the number of annual

generations produced. Complete life-history

information for these species at each site can

be found in Rader and Ward (1989).

Female body size (dry weight l^iomass) of

late instars was estimated by taking the mean
of the three largest size classes collected from

each site. Late mayfly instars have a full com-
plement of mature eggs.

Results

Temperature, Growth, and Body Size

A progressive increase in accumulated de-

gree days and mean annual temperatures was
found from site 1 to site 3 (Table 1). Site 1 was
characterized by rapid seasonal changes in

temperature and a long, freezing (0 C) winter

(Table 1, Fig. 1). In contrast, site 2 demon-
strated gradual seasonal changes combined
with winter warm and summer cool tempera-
tures. Site 3 was intermediate with respect to

rates of seasonal change but had the greatest

amount of thermal energy (largest number of

accumulated degree days, largest maximum
temperature, and largest annual mean tem-

perature).
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Tabi.K 1. Tciiiiit'ratmr characteristics ol cacli site

("haractcMistic
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Fig. 3. Seasonal growth rate patterns for DnineUa grundis. (For further description, see Fig. 2 legend.
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T.ABLE 2. Mean annual population densit\ (#'.s m "
) and biomass (mg m "

), plus mean individual size (nig dr\- \vt. ) for

late instars of each species. Values in parentheses for the population parameters are the percentage of mean

represented by the standard error. Values in parentheses for size estimates indicate the number of individuals used to

determine each mean.
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suggesting that growth rate and e()nse(|uently

body size and iecundity are determined by

the length of time individuals are exposed to a

speeific optimal range of temperatures. Other

factors, however, that may also influence

mayfly growth rates (e.g., food abundance;

Sweeney et al. 1986) were altered by the ef-

fects of stream regulation. For example, con-

stant flow conditions and the addition of

planktonic diatoms from the reservoir en-

hanced food qualitv and quantitv at sites 2 and

3(RaderandWardl989).
If summer temperatures increase meta-

bolic costs, causing growth to slow or stop,

then the rate of vernal rise and autimin de-

cline determines the amount of time individu-

als are exposed to optimal temperatures and,

therefore, the amount of time available for

growth. Growth of both D. grandis and E.

infrequens continued as long as temperatures

remained between 2 C and 10 C. However,

when temperatures exceeded this range,

growth slowed or stopped. Where growth was

continuous (site 2), temperatures were always

within this range. The optimal temperature

range for these two species appears to lie be-

tween 2 C and 10 C.

Population Size and Body Size

Winter warm and summer cool conditions

at site 2 and the long spring-summer period at

site 3 probably accounted for the multivoltine

life cycle of B. tricaiidatus at these sites. Stan-

ley and Short (1988) suggested that population

size may remain unaltered or even increase in

warmer than optimal conditions if faster

growth rates and shorter generation times

compensate for smaller body sizes and lower

fecundity. For some aquatic insects, warmer
than optimal temperatures may offer a trade-

oflP between body size/fecundity and genera-

tion time. Will they maximize reproductive

effort by producing fewer, larger individuals

(slow growth and a univoltine life cycle) or

many, smaller individuals (fast growth and

multivoltine life cycle)? These data demon-
strated that Baetis may have the genetic plas-

ticity necessary to respond to such tradeoffs.

As temperatures approached optimality

(site 2) from cooler conditions (site 1), both

voltinism and body size increased within the

same population. Whencomparing site 1 with

the much warmer and very different tempera-

ture regimes downstream from the reservoir,

w(> found that our data support the predictions

of the TF hypothesis. The largest body size

and i)()pulati()n size of each species occurred

downstream from the reservoir. However,
site-specihc comparisons of body size and

population size did not correspond as pre-

dicted by the TE hypothesis. The thermal

regimes at sites 2 and 3 were apparently suffi-

ciently similar that temperature did not have

an overriding influence on population sizes.

The TE hypothesis assumes that higher fecun-

dity is equivalent to larger population size.

Sources of mortality at every stage of develop-

ment, eggs, nymphs, and adults (Sweeney

and Vannote 1982, Butler 1984, Peckarsky

1984, Gilliam et al. 1989), which may vary

across sites, may interrupt the translation of

higher fecundity into higher population den-

sity and biomass. Numerous factors, in addi-

tion to the influence of temperature on body
size/fecundity, will undoubtedly influence

the geographic or altitudinal variation in

aquatic insect population size and stability.

Toward the center, and probably over most of

a species range, other sources of mortality and

determinants of reproductive success should

have a greater influence on aquatic insect pop-

ulation size. Temperature at the edge of a

species range may, however, be more limit-

ing, compared to other factors, in determin-

ing the extent of a species distribution.

Acknowledgments

J V. McArthur made helpful comments on

an earlier draft of this paper. Data analysis and

manuscript preparation were supported by

contract DE-AC09-76SR00-819 between the

U.S. Department of Energy and the Univer-

sity of Georgia. Data collection was supported

by a research grant to J. V. Ward, Colorado

State University, from the Colorado Experi-

ment Station.

References

Butler, M. G. 1984. Life histories of aquatic insects.

Pages 24-55 in V. H. Resh and D. M. Rosenburg,

eds.. The ecology of aquatic insects. Praeger Pub-

hshers. NewYork.

Clifford. H F., and H. Boerger 1974. Fecundity of

mayflies (Ephemeroptera), with species reference

to mayflies of a brown-water stream of Alberta,

Canada. Canadian Entomologist 106: 1111-1119.



106 R B. RaderandJ. V. Ward [Volume 50

CONNELL, J H . andW P, Sousa 1983. On the evidence

needed to judge ecological stability or persistence.

American Naturalist 121: 789-824.

Edmunds, G F 1982. Historical and life history factors in

the hiogeography of mayflies. American Zoologist

22: 371-374.

GiLMAM. J F , D F. Fraskk, and A M Sabat 1989.

Strong effects of foraging minnows on a stream

benthic community. Ecology 70: 445-452.

KONDRATIEFF, B C.. AND J R Vo.SHELL, Jk. 1980. Life

history and ecology of Stenonema inodesftim

(Banks) (Ephemeroptera: Heptageniidae) in Vir-

ginia, USA. Aciuatic Insects 2: 177-189.

Peckarsky, B L. 1984. Predator-prey interactions among
acjuatic insects. Pages 196-254 in V. H. Hcsh and

I). M. Rosenburg, eds.. The ecology of aejuatic

insects. Praeger Pui)lishers, NewYork.

PuiM.lPSON, J 1981. Bioenergetic options and phylogeny.

Pages 20-45 in C. R. Townscnd and P. Galow,

eds., Physiological ecology. Blackwell Scientific

Puiilishers, Sunderland, Massachusetts.

Rader. R B . ANDJ V Ward 1988. Influence of regula-

tion on environmental conditions and the

macroinvertebrate community in the upper Colo-

rado River. Regulated Rivers 2: 597-618.

1989. Influence of impoundments on mayfly diets,

life histories, and production. Journal of the North

American Benthological Society 8: 64-73.

Stanley. E. H.. and R. A Short 1988. Temperature ef-

fects on warmwater stream insects: a test of the

thermal e(iuilibrium hypothesis. Oikos 52;

313-320.

Sweeney, B W 1984. Factors influencing life-history

patterns of aquatic insects. Pages 56-100 in V. H.

Resh and D. M. Rosenburg, eds.. The ecology of

acjuatic insects. Praeger Publishers, NewYork.

Sweeney, B W., and R L. Vannote 1978. Size variation

and the distribution of hcTuiiuetabolous acjuatic

insects: two thermal ec|uilii)rium hypotheses. Sci-

ence 200; 444-446.

1981. EpJunncrcUa mayflies of White Clay Creek:

bioenergetic and ecological relationships among
si,\ coexisting species. Ecology 62; 1353-1369.

1982. Population synchrony in mayflies: a preda-

tor satiation hypothesis. Evolution 36: 810-821.

Sweeney, B W, R L Vannote, and P J Dodds 1986.

Effects of temperature and food ciuality on growth

and development of a mayfly, Leptophlchia inter-

nicdici. (Canadian Journal of Fisheries and Acjuatic

Sciences 43; 12-18.

Vannote, R. L., and B WSweeney 1980. Geographic

analysis of thermal ec|uilibria; a conceptual model

for evaluating the effect of natural and modified

thermal regimes on acjuatic insect communities.

American Naturalist 115: 667-695.

Ward, J V 1980. Abundance and altitudinal distribution

of Ejihemerojitera in a Rockv Mountain stream.

Pages 169-177 in J. F. Flannagan and K. E. Mar-

shall, eds.. Advances in Ejjhemeroptera biology.

Plenum Publishers, NewYork.

1986. Altitudinal zonation in a Rocky Mountain

stream. Archiv fur Ilydrobiologie, Suj^jilement

Band 74; 133-199.

Ward. J V , and J A Stanford 1982. Thermal resjionse

in the evolutionary ecology of acjuatic insects. An-

nual Review of Entomology 27; 97-117.

Received 1 May 1990

Accepted 15 June 1990


